Growing Bacillus subtilis cells were immobilized in K-carrageenan gel beads. Growth and sporulation of entrapped cells were studied by two different methods: cell enumeration and transmission electron microscopy. Immobilized growing cells had a shorter generation time than free cells did, whereas sporulation timing was unchanged. When steady state was reached, cell density was very high in gel beads.
Growing Bacillus subtilis cells were immobilized in K-carrageenan gel beads. Growth and sporulation of entrapped cells were studied by two different methods: cell enumeration and transmission electron microscopy. Immobilized growing cells had a shorter generation time than free cells did, whereas sporulation timing was unchanged. When steady state was reached, cell density was very high in gel beads.
Owing to the high cost of enzyme purification, the use of immobilized microbial cells has been investigated intensively and has been recently reviewed by numerous authors (1, 2, 8, 11 Recently, Navarro and Durand (12) have studied the reduction of generation time and the synchronous growth of Saccharomyces u'arum immobilized onto porous silica beads. However, in the biotechnological field, little attention has been paid to the physiology and the morphological features of immobilized living cell systems (9, 10, 14, 15) .
The purpose of the present work is to study the influence of immobilization on the physiology of a well-known microorganism. We have chosen Bacillus subtilis both for its complex physiology and fine regulation as a spore former (13) and for its industrial applications, especially in the field of protease production (7) .
The strain used was B. subtilis Marburg 168
(Try-). Cultures were grown in a nutrient broth allowing sporulation after exhaustion, as described by Schaeffer et al. (13) .
Immobilization was carried out as follows: 0.5 ml of exponentially growing cells was added to 10 ml of 2% K-carrageenan solution maintained at 35°C. The mixture was then added as droplets with a syringe into nutrient broth supplemented with 0.3 M KCl at room temperature. The gel beads so formed (average diameter, 4 mm) were allowed to harden at room temperature for about 15 min.
The gel beads with the entrapped cells were then incubated in a rotary shaker at 37°C in an Erlenmeyer flask with 50 ml of broth supplemented with 0.1 M KCl. Control cultures were incubated under the same conditions.
The carrageenan beads were dissolved by shaking in a 1% sodium citrate solution. Generally, five gel beads at a time were taken up in 10 ml of citrate solution, and dissolution was achieved within 10 min at 37°C. The number of viable cells was determined by plating on nutrient agar.
A typical growth curve of B. subtilis cells is shown in Fig. 1 (Fig. 2 and 3 4 and 5 (see legends), we can observe that the cell density obtained by this biotechnological process (immobilized cell growth) is identical to that obtained by a physical process such as sedimentation by centrifugation. This fact is of great importance for industrial application whenever a fermentation process is economically limited by low cellular growth and insufficient cell density. This might even be the case with microorganisms produced by genetic engineering, which are well known to be difficult to grow to high biomass concentrations in a fermentor. Immobilized cell systems can overcome such limitations by obtaining high cell densities in steady-state conditions.
Entrapped cells stop their growth before medium exhaustion since the exponential growth of released free cells continues in the medium when entrapped cells have reached the steady state (Fig. 1) . However, from the electron micrographs, we find the same timing of the sporulation process in cultures of immobilized and of free cells, suggesting that sporulation of entrapped cells starts when the medium is exhausted, that is, 2 h after they have stopped growing. Figures 6-8 show sporulating entrapped cells. Mature spores were obtained in gel beads (Fig.  9 ). The number of spores was determined as follows: samples were heated at 80°C for 10 Figures 2-4 show ultrathin sections of gel beads during incubation at the initial phase of logarithmic growth (Fig. 2) , logarithmic growth phase (Fig. 3) , and stationary growth phase with a high density of bacteria inside a cavity (Fig. 4) . Arrows indicate gel matrix limits around cell cavities. Figure 5 shows an ultrathin section of free cells; the pellet was obtained by centrifuging 2 (Fig. 6 and 7) , sporulating cells at the t, stage (Fig. 8) . and mature spores and lysed cells at the t24 stage (Fig. 9 
